2+ sensor that conveys the Ca 2+ load of the endoplasmic reticulum to storeoperated channels (SOCs) at the plasma membrane. Here . Very little is known about the Orais. The three Orais are four transmembrane-span proteins 3, 7, 8 , with Orai1 the most prominent I crac channel 6, 10 . Much more information is available on the TRP family of ion channels (recently reviewed in ref. 11). The TRP superfamily is grouped into seven subfamilies and mediates many cellular functions 1,9,11 . All TRPC channels are activated by receptor stimulation and several TRPCs have been suggested to function as SOCs 1, 9, 11, 12 . Deletion in mice 13,14 and knockdown by siRNA 15 implicate TRPC1 and TRPC4 as SOCs. TRPC3, TRPC6 and TRPC7 are activated by the lipid diacylglycerol 16, 17 . Several studies reported that TRPC3 behaves as a SOC 15, 18 , whereas others concluded that TRPC3 does not function as a SOC 19, 20 . The same uncertainty exists with respect to TRPC6 (ref. 21, 22) , whereas the behaviour of TRPC7 as a SOC seems to depend on its expression level 23 . The molecular mechanism by which the plasma membrane SOCs sense the Ca 2+ filling of the endoplasmic reticulum was revealed by the recent identification of STIM1 as the endoplasmic reticulum Ca 2+ -content sensor 24, 25 D76A that does not bind Ca 2+ is constitutively active, whereas the ΔERM(Ezrin-radixin-moesin)-STIM1 D76A acts as a dominant-negative STIM1 (refs 25, 31). Similarly, STIM1 was shown to regulate native TRPC1 in platelets 32 . In HSG cells, STIM1 was reported to exist in a complex with TRPC1 and Orai1 (ref. 33). However, very little is known about the mechanism by which STIM1 regulates TRPC and other Ca 2+ influx channels. Fundamental unanswered questions are: which TRPC channels are regulated by STIM1; is STIM1 a subunit of the Ca 2+ influx channels and is it obligatory for channel activity; and does STIM1 regulate the channel by affecting their activity at the plasma membrane.
STIM1 heteromultimerizes TRPC channels to determine their function as store-operated channels Stromal interacting molecule 1 (STIM1) is a Ca 2+ sensor that conveys the Ca 2+ load of the endoplasmic reticulum to storeoperated channels (SOCs) at the plasma membrane. Here, we report that STIM1 binds TRPC1, TRPC4 and TRPC5 and determines their function as SOCs. Inhibition of STIM1 function inhibits activation of TRPC5 by receptor stimulation, but not by La 3+ , suggesting that STIM1 is obligatory for activation of TRPC channels by agonists, but STIM1 is not essential for channel function. Through a distinct mechanism, STIM1 also regulates TRPC3 and TRPC6. STIM1 does not bind TRPC3 and TRPC6, and regulates their function indirectly by mediating the heteromultimerization of TRPC3 with TRPC1 and TRPC6 with TRPC4. TRPC7 is not regulated by STIM1. We propose a new definition of SOCs, as channels that are regulated by STIM1 and require the store depletion-mediated clustering of STIM1. By this definition, all TRPC channels, except TRPC7, function as SOCs.
A key component of the receptor-evoked Ca 2+ signal is activation of a Ca 2+ -influx channel at the plasma membrane in response to depletion of Ca 2+ from the endoplasmic reticulum, the so-called store-operated Ca 2+ channels (SOCs) 1 . Ca 2+ influx through SOCs mediates numerous physiological functions 1, 2 . At least two types of SOCs can be distinguished electrophysiologically and now molecularly. The first type of SOCs are the highly Ca 2+ -selective I crac currents 1 that recently were shown to be mediated by the Orai family of proteins [3] [4] [5] [6] [7] [8] , and the second type of SOCs are the non-selective, Ca 2+ permeable TRPC channels 1 9 . Very little is known about the Orais. The three Orais are four transmembrane-span proteins 3, 7, 8 , with Orai1 the most prominent I crac channel 6, 10 . Much more information is available on the TRP family of ion channels (recently reviewed in ref. 11) . The TRP superfamily is grouped into seven subfamilies and mediates many cellular functions 1, 9, 11 . All TRPC channels are activated by receptor stimulation and several TRPCs have been suggested to function as SOCs 1, 9, 11, 12 . Deletion in mice 13, 14 and knockdown by siRNA 15 implicate TRPC1 and TRPC4 as SOCs. TRPC3, TRPC6 and TRPC7 are activated by the lipid diacylglycerol 16, 17 . Several studies reported that TRPC3 behaves as a SOC 15, 18 , whereas others concluded that TRPC3 does not function as a SOC 19, 20 . The same uncertainty exists with respect to TRPC6 (ref. 21, 22) , whereas the behaviour of TRPC7 as a SOC seems to depend on its expression level 23 . The molecular mechanism by which the plasma membrane SOCs sense the Ca 2+ filling of the endoplasmic reticulum was revealed by the recent identification of STIM1 as the endoplasmic reticulum Ca 2+ -content sensor 24, 25 . STIM1 has an amino-terminal EF hand Ca 2+ -binding domain that resides in the endoplasmic reticulum lumen. Depletion of endoplasmic reticulum Ca 2+ results in rearrangement of STIM1 in punctae underneath the plasma membrane and subsequent activation of Ca 2+ -influx channels 24--26 D76A that does not bind Ca 2+ is constitutively active, whereas the ΔERM(Ezrin-radixin-moesin)-STIM1 D76A acts as a dominant-negative STIM1 (refs 25, 31) . Similarly, STIM1 was shown to regulate native TRPC1 in platelets 32 . In HSG cells, STIM1 was reported to exist in a complex with TRPC1 and Orai1 (ref. 33 ). However, very little is known about the mechanism by which STIM1 regulates TRPC and other Ca 2+ influx channels. Fundamental unanswered questions are: which TRPC channels are regulated by STIM1; is STIM1 a subunit of the Ca 2+ influx channels and is it obligatory for channel activity; and does STIM1 regulate the channel by affecting their activity at the plasma membrane.
Here, we show that STIM1 regulates directly or indirectly all TRPC channels, except TRPC7. However, although STIM1 directly regulates TRPC1, TRPC4 and TRPC5, the regulation of TRPC3 and TRPC6 by STIM1 is mediated by STIM1-dependent heteromultimerization of TRPC3 with TRPC1 and of TRPC6 with TRPC4. STIM1 is required for activation of all TRPC channels by agonist stimulation, but it is not essential for channel function. These findings clarify fundamental aspect of TRPC channels function by showing that under physiological conditions, STIM1 heteromultimerizes TRPC channels, assembling them into specific complexes to determine their function as SOCs. As STIM1 does not bind TRPC3, TRPC6 and TRPC7 (ref. 31), we  expected that STIM1 would similarly regulate TRPC1, TRPC4 and  TRPC5, but not regulate TRPC3, TRPC6 and TRPC7 . Surprisingly, this was not the case for TRPC3 and TRPC6. Multiple probes were used to determine regulation of TRPC channels by STIM1; knockdown of STIM1 with siRNA (STIM1 siRNA) and the dominant negative ΔERM-STIM1 D76A (ref. 31) were used to inhibit the action of native STIM1 and the constitutively active STIM1 D76A and STIM1 CT (amino acids 235-685) were used to activate the channels in a store-and agonist-independent manner. The traces in Fig. 1a and b and the summary in Fig. 1c show that, when expressed at low levels, TRPC3 current is inhibited by STIM1 siRNA and ΔERM-STIM1 D76A and is activated by STIM1 D76A and STIM1 CT , as was found for TRPC1 (ref. 31) . The results in Fig. 1 indicate that TRPC3 does function as a STIM1-regulated channel when expressed at low levels. Furthermore, inhibition of TRPC3 by ΔERM-STIM1
RESULTS

Regulation of TRPC3 by STIM1
D76A
, which inhibits the translocation of wild-type STIM1 from the endoplasmic reticulum to the plasma membrane 31 , indicates that translocation of STIM1 to the plasma membrane is required for activation of TRPC3. We reasoned that as TRPC3 does not bind STIM1, regulation of TRPC3 by STIM1 may be mediated by one of the TRPC channels that do bind STIM1. The results in Fig. 2 show that this is indeed the case. In these experiments, the ability of native STIM1 to coimmunoprecipitate TRPC3 was examined in cells expressing TRPC3 alone or together with TRPC1, TRPC4 or TRPC5 (Fig. 2a) . Remarkably, immunoprecipitation of native STIM1 resulted in coimmunoprecipitation of TRPC3 only when it is coexpressed with TRPC1, but not when it is expressed alone or with TRPC4 or TRPC5. STIM1 is obligatory for the interaction between TRPC3 and TRPC1 (Fig. 2b, c) . TRPC3 plus TRPC1 were transfected into cells treated with scrambled siRNA or STIM1 siRNA. TRPC3 coimmunoprecipitation with TRPC1, and expression of recombinant STIM1 did not further enhance the coimmunoprecipitate, suggesting that native STIM1 is sufficient to mediate the interaction between the channels under the expression conditions used. Significantly, knockdown of native STIM1 nearly abolished the coimmunoprecipitation of TRPC3 with TRPC1.
An important question is whether the plasma membrane resident or the intracellular STIM1 mediate the TRPC1-TRPC3 heteromultimerization. This was addressed by testing the ability of YFP-STIM1 to rescue the interaction between the channels in cells treated with STIM1 siRNA. Previous work showed that YFP-STIM1 does not translocate to the plasma membrane 6 and its mRNA is not recognized by STIM1 siRNA 34 . These properties of YFP-STIM1 were confirmed and expression of YFP-STIM1 in cells treated with STIM1 siRNA rescued the interaction between TRPC1 and TRPC3 (Fig. 2c) . These findings suggest that migration of STIM1 to the plasma membrane stabilizes or promotes the formation of the TRPC1-TRPC3 complex. This raises the question of whether formation of the heteromultimer is affected by cell stimulation. Cell stimulation stabilized or enhanced formation of the TRPC1-TRPC3 complex and endogenous STIM1 was sufficient for this effect (Fig. 2d) . Importantly, termination of cell stimulation resulted in reduction in the complex to nearly basal level within 3 min (Fig. 2d) .
The functional significance of the STIM1-mediated interaction between TRPC1 and TRPC3 is shown (Fig. 3) . Further evidence that STIM1 regulates TRPC3 is shown in Fig. 3a , in which YFP-STIM1 similarly rescued the activity of TRPC1 and TRPC3 expressed in STIM1 siRNA-treated cells. This experiment is the functional complement of the experiment in Fig. 2c . The role of native TRPC1 in the regulation of TRPC3 by STIM1 was then tested. Immunoprecipitation of native TRPC1 was sufficient to coimmunoprecipitate TRPC3 and the coimmunoprecipitate was nearly abolished by knockdown of STIM1 . Importantly, knockdown of the native TRPC4 had no effect on inhibition of TRPC3 by ΔERM-STIM1 D76A . These findings indicate that STIM1 indirectly regulates TRPC3 and that the regulation of TRPC3 by STIM1 is mediated by TRPC1. Further evidence for indirect regulation of TRPC3 by STIM1 was obtained by examing the effect of knockdown of STIM1 on TRPC3 expressed at low and high levels. Previous work has shown that the behaviour of TRPC3 as a SOC 18, 19 and regulation by InsP 3 receptors 19, 35 is observed only when TRPC3 is expressed at low levels. The level of native TRPC3 and when TRPC3 is expressed at low and high levels is shown in Fig. 3c , which also shows that overexpression of TRPC3 partially overcame the inhibition of TRPC3 current by knockdown of STIM1. It is likely that at low expression levels, most TRPC3 is in a complex with TRPC1 and STIM1. When it is overexpressed, large fraction of TRPC3 is not complexed and can be activated by agonist in a STIM1-independent manner. The implication of these experiments is that STIM1 is not obligatory for the function of TRPC3 as a channel. However, when TRPC3 is present in a complex with TRPC1, as found in several cell types 36, 37 , it behaves as a STIM1-regulated SOC. C o n t r o l R e s t R e s t C a r b C a r b C a r b , t h e n A t r C a r b , t h e n A t r C3+HA-TRPC1 or C3+C1+Myc-STIM1. The cells were left unstimulated (rest), were stimulated with 100 µM carbachol for 3 min or were stimulated with carbachol for 3 min and inhibited with atropine (Atr) for 3 min. At the end of the treatments, the cells were harvested to prepare the extracts that were used to immunoprecipitate TRPC1 and blot for coimmunoprecipitate of TRPC1 and TRPC3. Uncropped images of the blots are shown in the Supplementary Information, Fig. S1 .
The significance of the heteromultimerization for channel function was examined further by measuring the rate of TRPC1 and TRPC3 activation on repeated stimulation. The half time for activation of TRPC1 was the same for the first and second stimulation (Fig. 3d ). In contrast, the rate of TRPC3 activation increased approximately 2.4-fold in the second compared to the first stimulation. These results raised the Supplementary Information, Fig. S1 . possibility of a 'memory' of the assembled STIM1-TRPC1-TRPC3 complex, which may be important for Ca 2+ oscillations and perhaps reloading of the stores on termination of cell stimulation. Thus, Ca 2+ oscillations require repeated activation of Ca 2+ influx in phase with Ca 2+ release 38 and Ca 2+ influx is required to sustain the Ca 2+ oscillations 1, 39 . The memory of complex formation and facilitation of SOC activation can function to better coordinate Ca 2+ release and activation of Ca 2+ influx.
Regulation of TRPC4 and TRPC6 by STIM1
STIM1 binds TRPC4 through its ERM domain 31 and activation of TRPC4 by agonist is inhibited by knockdown of STIM1 and by ΔERM-STIM1 D76A (see Supplementary Information, Fig. S2 ). These results indicate that STIM1 regulates TRPC4 in a mechanism that is similar to the regulation of TRPC1 by STIM1.
Although TRPC6 did not bind STIM1, STIM1 indirectly regulated activation of TRPC6 by agonist stimulation (Figs 4, 5) . When TRPC6 was expressed at low levels, activation of TRPC6 by agonist was inhibited by knockdown of STIM1 and by ΔERM-STIM1 D76A , and TRPC6 became constitutively active in the presence of STIM1 D76A (Fig. 4) . When TRPC6 was expressed at high levels, its activation by agonist was no longer regulated by STIM1, indicating that STIM1 is not obligatory for the function of TRPC6 (Fig. 4c) , as was found for TRPC3.
Suspecting that regulation of TRPC6 by STIM1 is mediated by one of the TRPC channels that interact with STIM1, we examined which TRPC channel mediated the interaction between TRPC6 and STIM1. Native STIM1 does not coimmunoprecipitate TRPC6 when expressed alone (Fig. 5a) . Notably, coexpression of TRPC6 with TRPC4, but not The spontaneous current density measured before cell stimulation, the current activated by carbachol and the total current are plotted. Cells were transfected with low or high levels of TRPC6 alone or together with ΔERM-STIM1 D76A or D76A-STIM1 and in cells treated with STIM1 siRNA, as indicated. Cells with high levels of TRPC6 were transfected with three times more cDNA than cells with low level of TRPC6. Note that ΔERM-STIM1 D76A and STIM1 siRNA inhibited TRPC6 and STIM1
D76A
increased the spontaneous activity of TRPC6 only when TRPC6 was expressed at low levels. The error bars indicate the mean ± s.e.m.
with TRPC1 or TRPC5, resulted in coimmunoprecipitation of STIM1 and TRPC6. In addition, immunoprecipitation of TRPC4 coimmunoprecipitated TRPC6 when both were coexpressed, and knockdown of STIM1 markedly reduced the coimmunoprecipitation (Fig. 5b) . The functional significance of the STIM1-mediated interaction between TRPC6 and TRPC4 is shown in Fig. 5c . When TRPC6 was expressed at low levels, ΔERM-STIM1 D76A inhibited activation of TRPC6 by about 87%. Knockdown of TRPC4 had no effect on current density or activation of TRPC6. However, knockdown of TRPC4 markedly reduced inhibition of TRPC6 by ΔERM-STIM1 D76A . As a control, knockdown of TRPC1 did not prevent inhibition of TRPC6 stimulation by ΔERM-STIM1 D76A (Fig. 5d) . This was in contrast with the effect of knockdown of TRPC1 on the inhibition of agonist stimulation of TRPC3 by ΔERM-STIM1
. Thus, these findings indicate that STIM1 indirectly regulates TRPC6 and that TRPC4 mediates the regulation of TRPC6 by STIM1.
STIM1 is obligatory for activation of TRPC channels by agonists, but not for channel activity
A critical question in understanding regulation of Ca 2+ influx channels by STIM1 is whether STIM1 is obligatory for ion conductance by the channels that are directly regulated by STIM1, such as TRPC1, TRPC4 and TRPC5. This is highlighted in the finding that Orai1 activity as an I crac channel can be observed only when it is coexpressed with STIM1 (refs 6, 8, 29, 30, 40) . To address this question, it was necessary to examine the effect of STIM1 on a channel that could be activated by receptor stimulation and by ligands in a receptor-independent manner. TRPC5 is such a channel, and can be activated by receptor stimulation or directly by lanthanides 41 . Immunoprecipitation of native STIM1 coimmunoprecipitated TRPC5 and the coimmunoprecipitated was not affected by coexpression of TRPC5 with TRPC3 or TRPC6 (Fig. 6a) . Selective traces of the typical double rectification current/voltage relationship of TRPC5-mediated current is shown in Fig. 6b . These results indicate that STIM1 is obligatory for activation of TRPC5 by receptor stimulation. Hence, unlike the findings for TRPC3 and TRPC6, activation of TRPC5 by receptor stimulation requires STIM1 independent of the expression level of TRPC5. The second important finding from these experiments is that STIM1 is not obligatory for the function of TRPC5. Thus, knockdown of STIM1 that largely inhibits activation of TRPC5 by agonist stimulation had no effect on direct activation of TRPC5 by La 3+ . In addition, knockdown of STIM1 had no effect on TRPC5 current density or its voltage-dependence. The significance of these findings is that STIM1 is required only for activation of TRPC channels by receptor stimulation, but STIM1 is not obligatory for ion conductance by the channels and does not regulate the voltage-dependence of channel function.
Not all TRPC channels are regulated by STIM1 TRPC7 function depends on its expression level. When expressed at low levels, activation of TRPC7 by agonist required its coupling to InsP 3 receptors, and TRPC7 activity was inhibited by 1 μM Gd
3+
. However, when TRPC7 was expressed at high levels, its activation was independent of InsP 3 receptors and TRPC7 activity was inhibited only by 10 μM Gd 3+ (refs 23, 42) . Consistent with the finding that TRPC7 does not bind STIM1 (ref. 31) 31 , the activity of TRPC7 was independent of STIM1 whether functioning as an InsP 3 receptor-dependent or -independent channel (Fig. 7) . Thus, agonist-mediated activation of TRPC7 was not inhibited by ΔERM-STIM1 D76A when its activity was largely inhibited by 1 μM Gd 3+ (Fig. 7a) or when its inhibition required 10 μM Gd 3+ (Fig. 7b) . Similarly, knockdown of STIM1 did not prevent activation of TRPC7 and did not change its sensitivity to Gd 3+ (Fig. 7c) . Finally, STIM1 D76A did not activate TRPC7 and did not increase its spontaneous activity.
DISCUSSION
The study examines fundamental aspects of the function of TRPC channels and their regulation by STIM1, and the mechanism by which STIM1 may regulate SOCs. The first major finding is that all TRPC subunits, except TRPC7, are directly or indirectly regulated by STIM1. Indirect regulation is dependent on a STIM1-mediated heteromultimerization with TRPC subunits that can directly bind STIM1. It has long been controversial whether TRPC channels, in particular TRPC3 and TRPC6, function as SOCs 15, [18] [19] [20] [21] 22 . Regulation of a channel by STIM1 and the requirement of translocation of STIM1 from the endoplasmic recticulum to plasma-membrane domains for channel activation can be considered one form of SOC -that is, an endoplasmic reticulum Ca 2+ -content sensor (STIM1) regulates a plasma membrane Ca 2+ channel, and the regulation by the sensor requires rearrangement of STIM1 in response to depletion of the stored Ca 2+ . We propose this as a new molecular definition of SOCs. Regulation of TRPC channels by STIM1 is concluded from inhibition of channel function by knockdown of STIM1. Requirement for translocation of STIM1 is concluded from activation of the channels by the constitutively active STIM1 D76A and from their inhibition by ΔERM-STIM1 D76A , which prevents the rearrangement of STIM1 into punctae in response to store depletion. By these criteria, it is clear that TRPC1, TRPC4 and TRPC5 function as SOCs under all conditions, whereas TRPC3 and TRPC6 function as SOCs when expressed at low, physiological levels. However, the function of TRPC3 and TRPC6 as SOCs is indirect and is mediated by their regulated interaction with other TRPC channels. . Note that knockdown of STIM1 inhibits receptor-mediated activation of TRPC5 irrespective of expression levels and that knockdown of STIM1 has no effect on activation of TRPC5 by La 3+ in the same cells.
A second finding of note is that STIM1 heteromultimerizes TRPC channels to confer their function as SOCs. The specificity of this effect is quite remarkable. STIM1 mediates the interaction between TRPC1-TRPC3 and between TRPC4-TRPC6. Moreover, the TRPC1-TRPC3 and TRPC4-TRPC6 multimerization is required for regulation of TRPC3 and TRPC6 by STIM1 and their function as SOCs. Assembly of the TRPC1-TRPC3 and TRPC4-TRPC6 into stable complexes is enhanced or stabilized by agonist stimulation, and is mediated by intracellular, rather than the plasma membrane, STIM1. This implies that the store depletionmediated clustering of STIM1 is likely to facilitate interaction between the channels to allow regulation of all heteromeric TRPC channels by STIM1. The STIM1-mediated formation of the heteromultimers not only increases the diversity of SOC channels, but also provides the cells with a mechanism to regulate their function and store Ca 2+ content. Another important finding of this study is that STIM1 seems to be obligatory for activation of the TRPC channels by receptor stimulation, but not for channel function. This conclusion is based on the finding that high overexpression of TRPC1, TRPC4 (data not shown) and TRPC5 (Fig. 6) does not result in STIM1-independent function of these channels. On the other hand, high overexpression of TRPC3 and TRPC6 results in STIM1-independent channel function and increased spontaneous activity. The findings that TRPC3 and TRPC6 can function in a STIM1-dependent and STIM1-independent manner indicate that STIM1 is not obligatory for channel function. The strongest evidence for the conclusion that STIM1 is not obligatory for channel function was obtained with TRPC5. Deletion of STIM1 prevents activation of TRPC5 by agonist stimulation, but has no effect on activation of TRPC5 by La 3+ , the size of the current or its regulation by voltage. These observations lead to the conclusion that STIM1 mediates regulation of TRPC channels by receptor stimulation, but STIM1 is not a channel subunit and is not needed forTRPC channel to function. Instead, TRPC channels can be activated by more than one mechanism, one of which is activation by STIM1 that is used by receptors to activate Ca 2+ influx. The mechanism by which STIM1 activates and/or gates TRPC channels has yet to be determined.
METHODS
Solutions, reagents and clones. TRPC1, TRPC3 and TRPC4 clones were previously described 43 , and GFP-TRPC5, TRPC6 and TRPC7 clones were generously provided by Y. Mori (Kyoto University, Kyoto, Japan). The antibodies used were anti-TRPC1 (1:500; Sigma, St Louis, MO), anti-TRPC3 (1:3000; a gift from C. Montell, Johns Hopkins, Baltimore, MD), anti-STIM1 antibody for coimmunoprecipitation (BD Biosciences, Franklin Lakes, NJ), HRP-conjugated anti-Myc (Santa Cruz, Santa Cruz, CA) and HRP-conjugated anti-HA (Covance, Princeton, NJ), and anti-Flag (Sigma). The STIM1 siRNAsequence used was GGCTCTGGATACAGTGCTC, and the siRNA to knockdown TRPC1 and TRPC4 were previously reported 15 and their effectiveness was confirmed in the present work. siRNA transfection of HEK293 cells was performed using the Qiagen TransMessenger Transfection kit. The amount of siRNA used was 0.8 μg per 12-well containing 80-90% HEK cells. Wells were coated with 0.5 mg ml -1 poly-l-ornithine in 0.15 M borate buffer at pH 8.6. After 6 h siRNA transfection, 70% of cells were replated into fresh wells so that confluency was 80-90% the following day. Plasmids transfection was performed using Lipofectamine 2000 reagent for 6 h. The total amount of cDNA used per 12-well was 0.5 μg. Thus, for a typical transfection, 0.13 μg TRPC channel was used for low expression levels, together with 0.13 μg M3 receptor, 0.13 μg STIM1 and 0.1 μg GFP. For high expression levels of TRPC channels, 0.4-0.5 μg cDNA was used. For coimmunoprecipitation analysis, transfection was performed in 6-well plates, and each cDNA amount was scaled up to a total of 1 μg. Current was measured or cells were harvested and extracted for coimmunoprecipitation analysis the following day.
Western blot and coimmunoprecipitation. Transfected cells were harvested and lysed using 500 μl binding buffer (PBS containing 1 mM NaVO 3 , 10 mM sodium pyrophosphate, 50 mM NaF at pH 7.4 and 1% Triton X-100). The extracts were sonicated and insoluble material was removed by centrifugation at 30,000g for 20 min. For coimmunoprecipitation, 2 μl anti-HA antibody, 1 μg anti-STIM1 antibody or 4 μg anti-TRPC1 antibody were added to 100 μl cell extract and incubated for 1 h at 4 °C. Then, 50 μl of 1:1 slurry of protein G-Sepharose 4B beads were added and incubated continued for an additional hour at 4 °C. Beads were washed three times with binding buffer, proteins were released from the beads with 50 μl of SDS-loading buffer and analysed by SDS-PAGE.
Current measurement. The current of TRPC channels in transiently transfected HEK cells was measured in whole current recording configuration, as described previously 31, 44 . Briefly, the pipette solution contained 140 mM CsCl, 2 mM MgCl 2 , 1 mM ATP, 5 mM EGTA, 1.5 mM CaCl 2 (free Ca 2+ , 70 nM) and 10 mM HEPES at pH 7.2, to eliminate K + current and prevent inhibition of the channels by high cytoplasmic Ca
2+
. The bath solution contained 140 mM NaCl or 140 mM NMDG-Cl, 5 mM KCl, 0.5 mM EGTA and 10 mM HEPES at pH 7.4 with NaOH or NMDG-OH -). The current was recorded by stepping the membrane potential to -100 mV for 200 ms every 5 s from a holding potential of 0 mV or by 400 ms rapid alterations of membrane potential (RAMPs) from -100 to +100 mV from a holding potential of 0 mV. The current recorded at -100 mV was used to calculate current density as pA/pF and current recorded in multiple experiments was used to obtain the mean ± s.e.m. and calculate significance by Student's t-test.
Note: Supplementary Information is available on the Nature Cell Biology website.
